Carbon combustion in the forward stagnation flowfield has been examined through experimental comparisons, by conducting aerothermochemical analyses, with the surface C-O 2 and C-CO 2 reactions and the gas-phase CO-O 2 reaction taken into account. By virtue of the generalized species-enthalpy coupling functions, close coupling of those reactions has been elucidated. Explicit combustion-rate expressions by use of the transfer number in terms of the natural logarithmic term, just like that for droplet combustion, have further been obtained for the combustion response in the limiting situations. It has been confirmed that before the establishment of CO flame, the combustion rate can fairly be represented by the expression in the frozen mode, that after its establishment by the expression in the flame-attached or flame-detached modes, and that the critical condition derived by the asymptotics can fairly predict the surface temperature for its establishment. The formulation has further been extended to include the surface C-H 2 O and gas-phase H 2 -O 2 reactions additionally, so as to evaluate the combustion rate in humid airflow. Since those expressions are explicit and have fair accuracy, they are anticipated to make various contributions not only for qualitative/quantitative studies, but also for various aerospace applications, including propulsion with high-energy-density fuels.
Introduction
Carbon combustion has been a research subject, indispensable for practical utilization of coal/char combustion, aerospace applications with carbon-carbon composites (C/Ccomposites), ablative carbon heat shields, and/or propulsion with using high-energy-density fuels. Because of this practical importance, extensive research has been conducted not only experimentally but also theoretically/numerically, and several comprehensive reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] summarize accomplishments in this field. Nevertheless, because of complexities involved, there still remain several problems indispensable for understanding the basic nature of the combustion. Some of them also command fundamental interest, because of simultaneous existence of surface and gas-phase reactions, interacting with each other.
Generally speaking, the carbon combustion consists of the following processes:
(1) diffusion of oxidizing species to the solid surface,
(2) adsorption of molecules onto active sites on the surface,
(3) formation of products from adsorbed molecules on the surface, (4) desorption of solid oxides into the gas phase, (5) migration of gaseous products through the boundary layer into the freestream.
The slowest of them determines the combustion rate because these steps occur in series. Note that steps (2) and (4) are extremely fast, in general.
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When the surface temperature is low, step (3) is known to be much slower than steps (1) or (5) , so that the combustion rate, defined as mass being transferred in unit area and time, is determined solely by chemical kinetics. Since the process in this regime is kinetically controlled, the combustion rate only depends on the surface temperature, exponentially. To the contrary, the process of diffusion that proceeds in the boundary layer is irrelevant, so that the combustion rate is independent of its thickness; thereby, concentrations of oxidizing species at the reacting surface are not too different from those in the freestream. Furthermore, since solid carbon is more or less porous, in general, combustion proceeds throughout the sample specimen.
When the surface temperature is high, step (3) is known to be much faster than steps (1) and (5) , so that the combustion rate is controlled by the diffusion rate of oxidizing species (say, oxygen) to the solid surface, where their concentrations are negligibly small. In this diffusionally controlled regime, therefore, the combustion rate, exhibiting surface regression, strongly depends on the boundary layer thickness, while its dependence on the surface temperature is weak (∝ 0.5∼1.0 ).
Since oxygen transfer to the carbon surface can occur via O 2 , CO 2 , and H 2 O, the major surface reactions can be
At higher temperatures, say, higher than 1000 K, it is generally recognized that CO formation is the preferred route and that the relative contribution of (R1) can be negligible [13] . Thus, in the following, reaction (R2) will be referred to as the C-O 2 reaction. Comparing (R2) and (R3), as alternate routes of CO production, the C-O 2 reaction is the preferred route for CO production at low temperatures, in simultaneous presence of O 2 and CO 2 . It can be initiated around 600 K and saturated around 1600 K, proceeding infinitely fast, eventually, relative to diffusion. The C-CO 2 reaction of (R3) is the high temperature route, initiating around 1600 K and becoming saturated around 2500 K. It is of particular significance because CO 2 in (R3) can even be the product of the gas-phase, watercatalyzed, CO oxidation
referred to as the CO-O 2 reaction. Thus, the C-CO 2 and CO-O 2 reactions can form a loop.
Similarly, the C-H 2 O reaction (R4), generating CO and H 2 , is also important when the combustion environment consists of an appreciable amount of water. This reaction is also of significance because H 2 O is the product of the H 2oxidation
referred to as the H 2 -O 2 reaction, which then constitutes a loop with the C-H 2 O reaction.
The present study is intended to shed more light on the carbon combustion, with putting a focus on its combustion rate under an interaction of the surface and gas-phase reactions. It is, therefore, not intended as a collection of engineering data or an exhaustive review of all the pertinent work published. Rather, it has an intention to represent the carbon combustion by use of some of the basic characteristics of the chemically reacting boundary layers, under recognition that flow configurations are indispensable for proper evaluation of the combustion rate, especially under the situation in which the gas-phase reaction can intimately affect overall combustion response through its coupling to the surface reactions.
Among various flow configurations, it has been reported that the stagnation-flow configuration has various advantages, because it provides a well-defined, one-dimensional flow, characterized by a single parameter [14] , called as the stagnation velocity gradient. It has even been said that mathematical analyses, experimental data acquisition, and physical interpretations have been facilitated by its introduction. Since carbon combustion in the two-dimensional stagnation flow, established over a cylinder, has already been summarized somewhere in a set of review papers [15, 16] , in which extensive comparisons have been conducted between experimental and theoretical/numerical results, here we confine ourselves to studying carbon combustion in the axisymmetric stagnation flow over a sphere or a flat plate, by comparing experimental data in the literature with theoretical/numerical results, newly obtained. From the practical point of view, we can even say that it simulates the situations of ablative carbon heat-shields and/or the strongly convective carbon burning in the forward stagnation region of a particle.
In the following, formulation of the governing equations is first presented in Section 2, based on theories on the chemically reacting boundary layer in the forward stagnation field. Chemical reactions considered are the surface C-O 2 and C-CO 2 reactions and the gas-phase CO-O 2 reaction. Generalized species-enthalpy coupling functions are then derived without assuming any limit or near-limit behaviors, which not only enable us to minimize the extent of numerical efforts needed for generalized treatment, but also provide useful insight into the conserved scalars in the carbon combustion. In Section 3, it is also shown that straightforward derivation of the combustion response can be allowed in the limiting situations, so that we have those for the frozen, flamedetached, and flame-attached modes.
In Section 4, a further analytical study is made about the ignition phenomenon in the gas phase, related to finiterate kinetics, by use of the asymptotic expansion method to obtain a critical condition. Appropriateness of this criterion is further examined by comparing surface temperatures at which the CO flame can appear. After having constructed the theory, evaluation of kinetic parameters of the global gas-phase reaction is conducted, for further experimental comparisons.
In Section 5, it is endeavored to obtain explicit combustion-rate expressions, even though they might be approximate, because they are anticipated to contribute much to the foundation of theoretical understanding of carbon combustion, offering mathematical simplifications, just like that in droplet combustion, and to the practical applications in the fields of aerospace and/or others. Further experimental comparisons are conducted by use of results reported in the literature.
After having examined appropriateness of the explicit expressions, carbon combustion in humid airflow is then examined in Section 6, relevant to basic research for erosive attacks of water vapor to C/C-composite in rocket nozzles, for example. Endeavor has been made for extending formulations for the system with three surface reactions and two global gas-phase reactions, in order to conduct experimental comparisons at high concentrations of the water vapor.
Concluding remarks are made in Section 7, with nomenclature tables and references cited.
Formulation
Among previous studies [17] [18] [19] [20] [21] , it may be noted that Adomeit's group has made a great contribution by clarifying water-catalyzed CO-O 2 reaction [18] , conducting experimental comparisons [19] , and investigating ignition/extinction behavior of the CO flame [20] . Here, an extension of the worthwhile contributions is made along the following directions. First, simultaneous presence of the surface C-O 2 and C-CO 2 reactions and the gas-phase CO-O 2 reaction is included, so as to allow studies of surface reactions over an extended range of its temperatures, as well as to examine their coupling with the gas-phase reaction. Second, a set of generalized coupling functions [22] are conformed to the present flow configuration, in order to facilitate mathematical development and/or physical interpretation of the results. Third, an attempt is made to identify effects of thermophysical properties, as well as other kinetic and system parameters involved. Note here, however, that explanations cannot help but be similar to those in the previous work [15] because the formulation of the carbon combustion in the stagnation flowfield has been constructed in a generalized manner, regardless of the flow configuration, whether it is axisymmetric or twodimensional.
Model
Definition. The present model simulates the isobaric carbon combustion of constant surface temperature s in the stagnation flow of temperature ∞ , oxygen massfraction O,∞ , and carbon dioxide mass-fraction P,∞ , in a general manner [23] . The major reactions considered are the surface C-O 2 and C-CO 2 reactions and the gas-phase CO-O 2 reaction. The surface C + O 2 → CO 2 reaction is excluded [13] because our concern is the combustion at temperatures above 1000 K. Crucial assumptions introduced are conventional, constant property assumptions with unity Lewis number, constant average molecular weight, constant value of the product of density and viscosity , onestep overall irreversible gas-phase reaction, and first-order surface reactions. Surface characteristics, such as porosity and internal surface area, are grouped into the frequency factors for the surface reactions.
Governing Equations.
The steady-state axisymmetric and/or two-dimensional boundary-layer flows with chemical reactions are governed as follows [24, 25] . Continuity:
Momentum:
Species:
Energy:
where is the temperature, the specific heat, the heat of combustion per unit mass of CO, the mass fraction, the velocity in the tangential direction , V the velocity in the normal direction , and the subscripts C, F, O, P, N, g, s, and ∞, respectively, designate carbon, carbon monoxide, oxygen, carbon dioxide, nitrogen, the gas phase, the surface, and the freestream. In these derivations, use has been made of assumptions that the pressure and viscous heating are negligible in (4) , that a single binary diffusion coefficient exists for all species pairs, that is constant, and that the CO-O 2 reaction can be represented by a one-step, overall, irreversible reaction with a reaction rate
where is the frequency factor, the activation energy, the universal gas constant, ] the stoichiometric coefficient, and the molecular weight. We should also note that in (1) describes the curvature of the surface such that = 1 and 0 designate axisymmetric and two-dimensional flows, respectively, and the velocity components ∞ and V ∞ of the frictionless flow outside the boundary layer are given by use of the velocity gradient as
2.3. Boundary Conditions. The boundary conditions for the continuity and the momentum equations are the well-known ones, expressed as
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For the species conservation equations, we have in the freestream
At the carbon surface, components transported from gas to solid by diffusion, transported away from the interface by convection, and produced/consumed by surface reactions are to be considered. Then, we have
2.4. Nondimensional Conservation Equations. In boundary layer variables, the conservation equations for momentum, species, , and energy are, respectively,
(̃F +̃P) = (̃O +̃P) = (̃P −̃) = (̃N) = 0,
where the convective-diffusive operator is defined as
The present Damköhler number for the gas-phase CO-O 2 reaction is given by
with the nondimensional reaction rate g = (̃∞ )
In the above, the conventional boundary-layer variables and , related to the physical coordinates and , are
The nondimensional streamfunction ( , ) is related to the streamfunction ( , ) through
where ( , ) is defined by
such that the continuity equation is automatically satisfied.
Variables and parameters used are as follows:
Here, use has been made of an additional assumption that the Prandtl and Schmidt numbers are unity. Since we adopt the ideal-gas equation of state under an assumption of constant, average molecular weight across the boundary layer, the term ( ∞ / ) in (10) can be replaced by ( / ∞ ). As for the constant assumption, while enabling considerable simplification, it introduces 50%-70% errors in the transport properties of the gas in the present temperature range. However, these errors are acceptable for far greater errors in the chemical reaction rates. Furthermore, they are anticipated to be reduced due to the change of composition by the chemical reactions.
The boundary conditions for (10) are
whereas those for (11) and ( 
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where
and s,O and s,P are the present surface Damköhler numbers, based only on the frequency factors for the C-O 2 and C-CO 2 reactions, respectively. Here, these heterogeneous reactions are assumed to be first order, for simplicity and analytical convenience. As for the kinetic expressions for nonpermeable solid carbon, it is considered that they incorporate effects of porosity and/or internal surface area, while surface reactions are generally controlled by combinations of chemical kinetics and pore diffusions.
For self-similar flows, the normal velocity V s at the surface is expressible in terms of (− s ) by
If we remember the fact that the mass burning rate of solid carbon is given bẏ= ( V) s , which is equivalent to the definition of the combustion rate [kg/(m 2 ⋅s)], we see that the streamfunction (− s ) can be identified as the nondimensional combustion rate. Note also that the surface reactions are less sensitive to velocity gradient variations than the gas-phase reaction because s ∼ −1/2 while g ∼ −1 .
Coupling Functions.
With the boundary conditions for species, cast in the specific forms of (22) to (24) , the coupling functions for the present system are given bỹ
and a prime indicates / . Using the new independent variable , the energy conservation (12) becomes
Therefore, the equations to be solved are (10) and (35) , subject to the boundary conditions in (20) and
by use of (− s ) given by (26) and the coupling functions in (29) to (32) . Key parameters in solving those are g , s,O , s,P , and (− s ). It may be informative to note that the parameter , introduced as (− s )/( ) s in the formulation, and indispensable in obtaining combustion rate (− s ), coincides with the conventional transfer number presented by Spalding [26] . This has already been demonstrated by considering elemental carbon, ( C / F ) F + ( C / P ) P , taken as the transferred 6 Journal of Combustion substance, and by evaluating driving force and resistance, determined, respectively, by the transfer rate in the gas phase and the ejection rate at the surface [27, 28] ; that is,
Note that use has been made of the coupling functioñF +̃P in (29) in deriving the final relation.
Combustion Behavior in the Limiting Cases
Here, we discuss analytical solutions for some limiting cases of the gas-phase reaction, since several limiting solutions regarding the intensity of the gas-phase CO-O 2 reaction can readily be identified from the coupling functions. In addition, important characteristics, indispensable for fundamental understanding, are obtainable.
Frozen Mode.
When the gas-phase CO-O 2 reaction is completely frozen, the solution of the energy conservation (12) readily yields
Evaluating (31) and (32) at = 0, to obtain the surface concentrations of O 2 and CO 2 , and substituting them into (26) , we obtain an implicit expression for the combustion rate (− s ) as
which is to be solved numerically from (10), because of the density coupling. The combustion rate in the diffusion controlled regime becomes the highest with satisfying the following condition:
Flame-Detached Mode.
When the gas-phase CO-O 2 reaction occurs infinitely fast, two types of flame-sheet burning modes are possible. One involves a detached flamesheet, situated away from the surface, and the other an attached flame sheet, situated on the surface. The flamedetached mode is defined bỹ
By use of the coupling functions in (29) to (32) , it can be shown that
Once (− s ) is determined from (42) and (10), f can readily be evaluated, yielding the temperature distribution as
In addition, the infinitely large g yields the following important characteristics, as reported by Tsuji and Matsui [17] .
(1) The quantities F and O in the reaction rate g in (15) become zero, suggesting that fuel and oxygen do not coexist throughout the boundary layer and that the diffusion flame becomes a flame sheet. (2) In the limit of an infinitesimally thin reaction zone, by conducting an integration of the coupling function for CO and O 2 across the zone, bounded between f− < < f+ , where f is the location of flame sheet, we have
suggesting that fuel and oxidizer must flow into the flame surface in stoichiometric proportions. Here, the subscripts f+ and f−, respectively, designate the oxygen and fuel sides of the flame. Note that in deriving (45) , use has been made of an assumption that values of the individual quantities, such as the streamfunction and species mass-fraction , can be continuous across the flame. (3) Similarly, by evaluating the coupling function for CO and enthalpy at the flame sheet, we have
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Flame-Attached Mode.
When the surface reactivity is decreased by decreasing the surface temperature, then the detached flame sheet moves towards the surface until it is contiguous to it ( f = 0). This critical state is given by the condition
obtained from (43) , and defines the transition from the detached to the attached mode of the flame. Subsequent combustion with the flame-attached mode is characterized by F,s = 0 and O,s ≥ 0 [20, 22, 29] , with the gas-phase temperature profilẽ=̃s
given by the same relation as that for the frozen mode, because all gas-phase reaction is now confined at the surface. By using the coupling functions from (29) to (32) with F,s = 0, it can be shown that
which is also to be solved numerically from (10) . The maximum combustion rate of this mode occurs at the transition state in (47) , which also corresponds to the minimum combustion rate of the flame-detached mode.
Diffusion-Limited Combustion
Rate. The maximum, diffusion-limited transfer number of the system can be achieved through one of the two limiting situations. The first appears when both of the surface reactions occur infinitely fast such that O,s and P,s both vanish in the limit of the frozen mode, yielding (40) . The second appears when the surface C-CO 2 reaction occurs infinitely fast in the limit of the flame-detached mode, which again yields (40) . It is of interest to note that in the first situation the reactivity of the gas-phase CO-O 2 reaction is irrelevant, whereas in the second the reactivity of the surface C-O 2 reaction is irrelevant. While the transfer numbers are the same in both cases, the combustion rates, thereby the oxygen supply rates, are slightly different from each other, because of the different density coupling, related to the flame structures. Note that the limiting solutions identified herein provide the counterparts of those previously derived [22, 29, 30] for the carbon particle and generalize the solution of Matsui and Tsuji [21] with including the surface C-CO 2 reaction.
Combustion Rate and the CO Flame
A momentary reduction in the combustion rate, reported in theoretical works [19, 21-23, 31, 32] , can actually be exaggerated by the appearance of CO flame in the gas phase, bringing about a change of the dominant surface reactions from the faster C-O 2 reaction to the slower C-CO 2 reaction, due to an intimate coupling between the surface and gasphase reactions. In spite of this theoretical accomplishment, there are very few experimental data that can support it.
In the literature, in general, emphasis has been put on examination of the surface reactivities with gaseous oxidizers, such as O 2 , CO 2 , and H 2 O (cf. [10] ), although surface reactivities on the same solid carbon are limited [33] [34] [35] . As for the gas-phase CO-O 2 reactivity, which is sensitive to the H 2 O concentration, main concern has been put on that of the CO flame [36] , called as the "strong" CO oxidation, which is, however, far from the situation over the burning carbon, especially for that prior to the appearance of CO flame, because some of the elementary reactions are too slow to sustain the "strong" CO oxidation. Furthermore, it has been quite rare to conduct experimental studies from the viewpoint that there exist interactions between chemical reactions and flow, so that studies have mainly been confined to obtaining combustion rate [33, 34, [37] [38] [39] .
Combustion Rate and Ignition Surface Temperature.
Here, experimental results of Visser and Adomeit [34] for the carbon combustion are first presented, which are closely related to the coupled nature of the surface and gas-phase reactions. In their experiment, the oxidizer flow at room temperature, after being set for a flow rate and various species concentrations, such as O 2 and H 2 O, issued into the atmosphere with a uniform velocity (up to 9.5 m/s), and impinged on a graphite hemisphere to establish an axisymmetric stagnation flow. This flowfield is well established and is specified uniquely by the velocity gradient (= 3 ∞ / ), where ∞ is the freestream velocity and the diameter of graphite sphere or hemisphere [40] . The spherical test specimen was heated by an electromagnetic high frequency generator and the surface temperature was measured by a radiation thermometer. During each experimental run, the test specimen was set to burn in oxidizer flow at constant surface temperature. Since the surface temperature is kept constant with external heating, quasi-steady combustion can be accomplished. The experiment involved taking pictures of the test specimen in the forward stagnation region and analyzing them to obtain surface regression rate, which was used to determine the combustion rate. Note that use has been made of the value, evaluated by use of the well-known relation = 3 ∞ / , as far as the velocity gradient is concerned, even though it is specified in another way in the literature. Figure 1 (a) shows the combustion rate in oxidizer flow of 170 s −1 with the O 2 mass fraction of 0.7 [34, 41] , as a function of the surface temperature, when the H 2 O mass fraction is 0.0002. The combustion rate increases with increasing surface temperature, up to a certain surface temperature. The combustion in this temperature range is anticipated to be that with negligible CO oxidation, and hence the combustion rate in the frozen mode can fairly predict the experimental results. A further increase in the surface temperature causes the momentary reduction in the combustion rate, because [34, 41] and curves are calculated from the theory in [23] . The ignition surface-temperature s,ig is calculated, based on the ignition analysis [32] .
appearance of the CO flame alters the dominant surface reaction from the C-O 2 reaction to the C-CO 2 reaction. The surface temperature when the CO flame first appears is called as the ignition surface temperature [32] . Above the ignition surface temperature, the combustion is in the flame-detached mode with the "strong" CO oxidation. The solid curve is the predicted combustion rate with the surface kinetic parameters as follows: for the C-CO 2 reaction, s,P = 1.5 × 10 8 m/s and s,P / = 3.1 × 10 4 K, reported, while for the C-O 2 reaction, s,O = 4.1 × 10 6 m/s and s,O / = 2.1 × 10 4 K, used in another work [42] , because of a lack of those reported. In numerical calculations, use has been made of the formulation, presented in Section 2, as well as the explicit combustion-rate expressions, to be explained in Section 5, for convenience. Values of thermophysical properties are those for oxygen at ∞ = 32 K, which yields ∞ ∞ = 2.63 × 10 −5 kg 2 /(m 4 ⋅ s) and ∞ / ∞ = 1.83 × 10 −5 m 2 /s, just for simplicity. It may be informative to note that a decrease in the combustion rate, observed at temperatures between 1500 K and 2000 K, has generally been called as the "negative temperature coefficient" of the combustion rate, which has also been a research subject in the field of carbon combustion. Nagle and Strickland-Constable [43] used the "site" theory to explain the peak rate, while Yang and Steinberg [44] attributed the peak rate to the change of reaction depth at constant activation energy. Other entries relevant to the "negative temperature coefficient" can be found in some survey papers [10, 11] . However, another explanation can be made, as will be examined in the next section, that this phenomenon can be induced by the appearance of CO flame, established over the burning carbon, thereby the dominant surface reaction has been altered from the C-O 2 reaction to the C-CO 2 reaction [28, 42, 45, 46] .
The same trend is also observed in humid oxidizer-flow of 170 s −1 , as shown in Figure 1 [34] and the curve is calculated from the theory in [23] . that can facilitate the establishment of CO flame. Nonetheless, because of a small difference between combustion rates before and after the ignition of CO flame, the abrupt change in the combustion rate does not appear clearly for this case. Figure 2 shows the combustion rate in CO 2 flow of 390 s −1 [34] , as a function of the surface temperature. The combustion rate increases monotonically with increasing surface temperature, suggesting appropriateness of the surface kinetic parameters for the C-CO 2 reaction, reported.
Establishment of the CO Flame.
While studies relevant to the ignition/extinction of CO flame over the burning carbon are of obvious practical utility in evaluating protection properties from oxidation in reentry vehicles, as well as the combustion of coal/char, they also command fundamental interests because of the simultaneous existence of the surface and gas-phase reactions with intimate coupling [21, 22, 34] .
As mentioned in the previous section, at the same surface temperature, the combustion rate is expected to be momentarily reduced upon ignition because establishment of the CO flame in the gas phase can change the dominant surface reactions from the faster C-O 2 reaction to the slower C-CO 2 reaction. By the same token, the combustion rate is expected to momentarily increase upon extinction. These concepts are not intuitively obvious without considering the coupled nature of the gas-phase and surface reactions.
Fundamentally, the ignition/extinction of CO flame in carbon combustion must necessarily be described by the seminal analysis, done by Liñán [47] for the ignition, extinction, and structure of diffusion flames, as indicated by Matalon [48] [49] [50] . Specifically, as the flame temperature increases from the surface temperature to the adiabatic flame temperature, there appears a nearly frozen regime, a partialburning regime, a premixed-flame regime, and finally a nearequilibrium regime. Ignition can be described in the nearlyfrozen regime, while extinction in the other three regimes.
For carbon combustion, Matalon [49] analytically obtained an explicit ignition criterion when the O 2 mass fraction at the surface is O(l). When this concentration is O( ), the appropriate, reduced governing equation and the boundary conditions were also identified [50] . Here, putting emphasis on the ignition of CO flame over the burning carbon, an attempt has first been made to extend the previous theoretical studies, so as to include analytical derivations of various criteria governing the ignition, with arbitrary O 2 concentration at the surface. Note that these derivations are successfully conducted, by virtue of the generalized speciesenthalpy coupling functions [22, 23] , identified in the previous Section. Furthermore, it may be noted that the ignition analysis is especially relevant to situations where the surface O 2 concentration is O( ) because in order for gas-phase reaction to be initiated, sufficient amount of carbon monoxide should be generated. This requires a reasonably fast surface reaction and thereby low O 2 concentration. The second objective is to conduct experimental comparisons, relevant to the ignition of CO-flame over a carbon hemisphere in an oxidizing stagnation flow, at various surface temperatures of the test specimen, freestream velocity gradients, and O 2 concentrations.
Asymptotic Analysis for the Ignition.
Here, we intend to obtain an explicit ignition criterion without restricting the order of magnitude of the O 2 concentration, O,s . First, we note that in the limit of g → ∞, the completely frozen solutions for (11) and (12) 
For finite but large values of g, weak chemical reaction occurs in a thin region next to the carbon surface when the surface temperature is moderately high and exceeds the ambient temperature. Since the usual carbon combustion proceeds under this situation, corresponding to the condition [47] of̃s
we define the inner temperature distribution as
In the above, is the appropriate small parameter for expansion, and and are the inner variables.
With (52) and the coupling functions from (29) to (32), the inner species distributions are given by
Thus, through evaluation of the parameter , expressed as
the O 2 mass fraction at the surface is obtained as
Substituting , (52), (54) , and (55) into the governing. (12) , expanding, and neglecting the higher-order convection terms, we obtain
It may be noted that the situation of F,s = O( ) is not considered here because it corresponds to very weak carbon combustion, such as in low O 2 concentration or at low surface temperature.
Evaluating the inner temperature at the surface of constant s , one boundary condition for (58) is
This boundary condition is a reasonable one from the viewpoint of gas-phase quasi-steadiness in that its surface temperature changes at rates much slower than that of the gas phase, since solid phase has great thermal inertia.
For the outer, nonreactive region, if we write
we see from (12) that Θ is governed by (Θ) = 0 with the boundary condition that Θ(∞) = 0. Then, the solution is Θ( ) = − I (1 − ), where I is a constant to be determined through matching. By matching the inner and outer temperatures presented in (52) and (62), respectively, we have
the latter of which provides the additional boundary condition to solve (58) , while the former allows the determination of I . Thus, the problem is reduced to solving the single governing equation (58), subject to the boundary conditions (61) and (63) . The key parameters are Δ, , and O . Before solving (58) numerically, it should be noted that there exists a general expression for the ignition criterion as
corresponding to the critical condition for the vanishment of solutions at
which implies that the heat transferred from the surface to the gas phase ceases at the ignition point. Note also that (64) further yields analytical solutions for some special cases, such as at = 1 :
,
the latter of which agrees with the result of Matalon [49] .
In numerically solving (58) , by plotting (∞) versus Δ for a given set of and O , the lower ignition branch of the Scurve can first be obtained. The values of Δ, corresponding to the vertical tangents to these curves, are then obtained as the reduced ignition Damköhler number Δ I . After that, a universal curve of (2Δ I ) versus (1/ ) is obtained with O taken as a parameter. Recognizing that (l/ ) is usually less than about 0.5 for practical systems and using (64) and (67), we can fairly represent (2Δ I ) as [32] 2Δ
Note that for large values of (l/ ), (68) is still moderately accurate. Thus, for a given set of and O , an ignition Damköhler number can be determined by substituting the values of Δ I , obtained from (68), into (59) .
It may be informative to note that for some weakly burning situations, in which O 2 concentrations in the reaction zone and at the carbon surface are O(1), a monotonic transition from the nearly frozen to the partial-burning behaviors is reported [31] , instead of an abrupt, turning-point behavior, with increasing gas-phase Damköhler number. However, this could be a highly limiting behavior; that is, in order for the gas-phase reaction to be sufficiently efficient, and the ignition to be a reasonably plausible event, enough CO would have to be generated at the surface, which further requires a sufficiently fast surface C-O 2 reaction and hence the diminishment of the surface O 2 concentration from O(l). For these situations, the turning-point behavior can be a more appropriate indication for the ignition. Figure 3(a) shows the ignition surface-temperature s,ig [34] , as a function of the velocity gradient. The velocity gradient has been chosen for the abscissa, as originally proposed by Tsuji and Yamaoka [51] for the diffusion flame, and its appropriateness has been examined by Makino and Law [32] for the two-dimensional flow configuration, by varying both the freestream velocity and graphite rod diameter that can exert influences in determining velocity gradient. It is seen that the ignition surface-temperature s,ig increases with increasing velocity gradient and thereby decreasing residence time. The high surface temperature, as well as the high temperature in the reaction zone, causes the high ejection rate of CO through the surface C-O 2 reaction. These enhancements facilitate the CO flame, by reducing the characteristic chemical reaction time, and hence compensating a decrease in the characteristic residence time.
Dominant Parameters for the Ignition of CO Flame.
A solid curve in Figure 3(a) is the ignition surfacetemperature for the prescribed conditions, predicted by [34] ; curves are calculated from the theory in [32] , with gas-phase kinetic parameters [42] . the ignition criterion [32] presented in the previous section, with using kinetic parameters [42] to be mentioned in the next section. The density ∞ of the oxidizing gas in the freestream is estimated at ∞ = 323 K. It is seen that fair agreement is demonstrated, suggesting that the present ignition criterion has captured the essential feature of the ignition of CO-flame over the burning carbon. Figure 3 (b) shows the ignition surface-temperature s,ig , as a function of the H 2 O mass fraction in the freestream. It is seen that the ignition surface-temperature decreases with increasing H 2 O mass fraction, because the CO-O 2 reaction is facilitated with increasing concentration of H 2 O, as is well known, and so-called as the "catalytic effect" of water-vapor on the CO-oxidation rate. Figure 3 (c) shows the ignition surface temperature, as a function of the O 2 mass fraction in the freestream. It is also seen that the ignition surfacetemperature decreases with increasing O 2 mass fraction. In this case the CO-O 2 reaction is facilitated with increasing concentrations of O 2 , as well as CO, because more CO is now produced through the surface C-O 2 reaction. Although agreement is not so good, as far as the approximate magnitude is concerned, both the experimental and predicted results exhibit a decreasing trend with increasing O 2 mass fraction.
Kinetic Parameters for the Global Gas-Phase Reaction.
Estimation of gas-phase kinetic parameters has already been conducted [32, 42] , with experimental data for the ignition surface temperature in the two-dimensional stagnation flow and the ignition criterion for the CO flame over the burning carbon. Here, reaction orders are a priori assumed to be F = 1 and O = 0.5, which are the same as those of the global rate expression, presented by Howard et al. [36] . It is also assumed that the frequency factor g is proportional to the half order of H 2 O concentration; that is,
where the subscript A designates water vapor. The H 2 O mass fraction at the surface is estimated with A,s = A,∞ /(l + ), with water vapor taken as an inert because it acts as a kind of catalyst for the gas-phase CO-O 2 reaction, and hence its profile is not anticipated to be influenced. Thus, for a given set of and O , an ignition Damköhler number can be determined by substituting Δ I in (68) into (59) . Figure 4 shows the Arrhenius plot of the global gasphase reactivity [42] , obtained as the results of the ignition surface temperature. In data processing, data in a series of experiments [32, 42] have been used, by use of kinetic parameters for the surface C-O 2 reaction. With iteration in terms of the activation temperature, required for determining Δ I with respect to O , g = 113 kJ/mol is obtained with *
This activation energy is within the range of the global CO-O 2 reaction (cf. Table II in [36] ). It is noted that * g obtained is one order of magnitude lower than that of Howard et al. [36] , which is reported to be *
because the present value is that prior to the appearance of CO flame and is to be low, compared to that of the "strong" 
by examining data of Chukhanov [53, 54] who studied the initiation of CO oxidation, accompanied by the carbon combustion. We see that the value reported [52] exhibits a lower bound of the experimental results shown in Figure 4 . It is also confirmed in Figure 4 that there exists no remarkable effects of O 2 and/or H 2 O concentrations in the oxidizer; thereby, the assumption for the reaction orders is shown to be appropriate within the present experimental conditions. The choice of reaction orders, however, requires a further comment because another reaction order for O 2 concentration, 0.25 in place of 0.5, is recommended in the literature. Relevant to this, an attempt [42] has further been conducted to compare the experimental data with another ignition criterion, obtained through a similar ignition analysis with this reaction order. However, its result was unfavorable, presenting a much poorer correlation between them. Figure 1 and a fair degree of agreement has been demonstrated, as far as the trend and approximate magnitude are concerned. Here, further experimental comparisons are to be made for results of Golovina and Khaustovich [55] , with keeping both the gas-phase and surface kinetic parameters fixed. Figure 5 (a) compares predicted results with experimental data in airflow of 120 s −1 at an atmospheric pressure, the freestream velocity ∞ = 0.6 m/s, and the sphere diameter = 15mm, made of electrode carbon. The ignition surface temperature is estimated to be s,ig ≈ 1479 K, obtained by assuming the H 2 O mass fraction to be 0.003, the dew point of which is 271 K (−2 ∘ C). Values of thermophysical properties are those for air at ∞ = 320 K, which yields ∞ ∞ = 2.12 × 10 −5 kg 2 /(m 4 ⋅s) and ∞ / ∞ = 1.78 × 10 −5 m 2 /s, used in the previous work [28, 42] . We see from Figure 5 (a) that up to the ignition surface temperature s,ig the combustion proceeds under the "weak" or negligible CO oxidation, and that the "strong" CO oxidation prevails at temperatures higher than the ignition surface temperature. Unfortunately, because of the lack of the experimental data, the abrupt change in the combustion rate does not appear clearly, although the general behavior seems to be similar to that in Figures 1(a) and 1(b). Figure 5 (b) compares predicted results with experimental data in CO 2 flow of 120 s −1 , with the CO 2 mass fraction of 0.5. A fair degree of agreement is demonstrated in the trend and approximate magnitude, except for the temperature range from 2000 K to 2500 K. The discrepancy in this temperature range has been attributed to the dust separation from the surface, the density change of carbon, and so forth [33, 55] , which have not been taken into account in the present formulation described in Section 2. [56] . Again, fair agreement is demonstrated.
Experimental Comparisons

Other Sources for the Combustion Rate. Experimental comparisons have already been conducted in
Approximate, Explicit Expressions for the Combustion
Rate. In general, in order to calculate the combustion rate, temperature profiles in the gas phase must be obtained by numerically solving the energy conservation equation for finite gas-phase reaction kinetics. However, if we note that carbon combustion proceeds with nearly frozen gas-phase chemistry until the establishment of the CO flame [42, 45, 46] and that the combustion is expected to proceed under nearly infinite gas-phase kinetics once the CO-flame is established, analytically-obtained combustion rates [23, 27] , presented in Section 3, are still useful and valuable for practical utility.
However, it should also be noted that the combustionrate expressions thus obtained are implicit, so that further numerical calculations are required by taking account of the relation, ≡ (− s )/( ) s , which is a function of the streamfunction . Since this procedure is slightly complicated and cannot be used easily in practical situations, explicit expressions are anxiously required, in order to make these results more useful. In order to elucidate the relation between (− s ) and , dependence of ( ) s on streamfunction is first to be examined, by introducing a simplified profile of as
before conducting an integration. Here, , , and are constants, ( * ) = s , and ( * * ) = .
Recalling the definitions of and ( ) s , and making use of a relation, (− s ) ≪ 1, as is the case for most solid combustion, we have the following approximate relation [28] :
Equation (75) shows that the combustion rate (− s ) can be expressed by the transfer number in terms of the logarithmic term, ln(1 + ). Note that the first and second terms in (76) are one order of magnitude smaller than the third term ( /2) 1/2 .
In order to obtain the specific form of the transfer number , a two-term expansion of the exponential function is expected to be sufficient because (− s ) ≪ 1, so that use has been made of the following relation [27, 28] ;
By virtue of this relation, (39) , (42) , and (49) yield the following approximate expressions for the transfer number [28] , respectively. (80)
Although these are approximate, the transfer number can be expressed explicitly, in terms of the reduced surface Damköhler numbers, s,O and s,P , and O 2 and CO 2 concentrations in the freestream.
In addition, we have
where s, is the specific reaction rate constant for the surface reaction, expressed as
Note that the factor, /[2 ( ∞ / ∞ )] 1/2 , in (81) also appears in the combustion rate defined in (28) , by use of the relation in (75), aṡ
Correction Factor and Mass-Transfer Coefficient.
In order to elucidate the physical meaning of the factor,
let us consider the situation that ≪ 1, with the frozen mode combustion taken as an example. Then, (83) leads to the following result:
We see that this expression is similar to the well-known expression for the combustion rate of solid,
for the first-order kinetics [57] [58] [59] [60] . Here, ℎ is the overall convective mass-transfer coefficient. It is seen that the factor, [2 ( ∞ / ∞ )] 1/2 /K, corresponds to the mass-transfer coefficient ℎ , suggesting that the specific form of ℎ is of use in determining a form of the correction factor . Furthermore, by evaluating mass fluxes at the surface and in the gas phase, with the elemental carbon, ( C / F ) F + ( C / P ) P , taken as the transferred substance, and by use of the coupling function in (29), we have
suggesting that the correction factor depends on both ( ) s and the representative temperature in the boundary layer.
Expression of the Correction Factor .
In obtaining an approximate expression for the factor , it seems that we can use the accomplishment in the field of heat and mass transfer. The mass-transfer coefficient is given as [61, 62] 
where mt = 0.763 and 0.570 for the axisymmetric and two-dimensional stagnation flows, respectively, based on the analogy between heat and mass transfers, where Nu = ℎ , Re = , = , Sc = / .
(89)
However, this kind of expression is far from satisfaction because (88) is originally obtained for heat-transfer problems without mass transfer. In addition, this relation is obtained under an assumption that there is no density change, even though there exist temperature and/or concentration distributions in the gas phase. Because of the simultaneous existence of temperature and concentration distributions in the carbon combustion, we are required to obtain an approximate expression for the factor in another way. In this attempt [28] , ( /2) 1/2 in the factor in (76) is kept as it is because it is 1/( ) s for the inviscid stagnation flow without mass ejection from the surface. The remaining part of the factor is then determined by use of numerical results [23, 42, 45] . In this determination, use has been made of a curve-fitting method, with ( ∞ / s ) taken as a variable, to have a simple function.
It has turned out that we can fairly represent the combustion rate for the frozen and/or flame-attached modes in the axisymmetric stagnation flow with
within 3% error for O,∞ = 0.233 [28] , within 6% error for O,∞ = 0.7 (cf. Figure 6 ). Examinations have been made in the range of the surface Damköhler numbers s,O and s,P from 10 6 to 10 10 , that of the surface temperature s from 1077 K to 2424 K, and that of the freestream temperature ∞ from 323 K to 1239 K. The frozen and flame-attached modes can fairly be correlated by the single equation (90) because the gas-phase temperature profiles are the same. Note that the combustion rate in high O 2 concentrations violates the assumption that (− s ) ≪ 1. Nonetheless, the expressions appear to provide a fair representation because these expressions vary as the natural logarithm of the transfer number.
In the flame-detached mode, not only the surface and freestream temperatures but also the oxidizer concentration that must be taken into account. It has turned out that
can fairly represent the combustion rate in axisymmetric stagnation flow, within 4% error when the O 2 mass-fraction O,∞ is 0.233 and 0.533, although the error becomes 6% near the transition state for the flame attaches. In an oxygen flow, the error is within 6% except for the transition state, while it increases up to 15% around the state.
As for the two-dimensional stagnation flow, it has already been shown that the combustion rate in the frozen and/or flame-attached modes can fairly be represented with
and that in the flame-detached mode with
(93) [34, 59, 63] in airflow and those [34] in oxidizing flow; curves are calculated by use of the explicit combustion-rate expressions.
The errors in these modes are nearly the same as those for the axisymmetric case, respectively. The difference in expressions in (90) and (92), and that in (91) and (93) can be attributed to the difference in the flow configurations.
Combustion Rates at Various Velocity Gradients.
In order to verify the validity of the explicit combustion-rate expressions, further experimental comparisons have been conducted. Kinetic parameters and values of thermophysical properties are those evaluated and used in the previous sections. Experimental data used are those in the literature [34, 59, 63] . Figure 7 (a) shows the combustion rate in airflow as a function of the surface temperature, with the velocity gradient taken as a parameter. The H 2 O mass fraction in airflow is set to be 0.003, in the same manner as that in Figure 5(a) .
When the velocity gradient is 60 s −1 , it is predicted that with increasing surface temperature, the combustion rate first increases, then decreases abruptly, and again increases, as shown in Figure 1(b) . As the velocity gradient is increased, even up to 300 s −1 , the trend is still the same although the combustion rate becomes high, due to an enhanced oxidizer supply.
Note that use has also been made of the combustionrate expressions. Up to the ignition surface temperature, a reasonable prediction can be made by (75), with the transfer number for the frozen mode in (78) and the correction factor in (90), for axisymmetric case. When the surface temperature is higher than the ignition surface temperature, (75) with for the flame-detached mode in (79) and in (91) can fairly represent the experimental results, except for the temperatures near the ignition surface temperature at low velocity gradients, say, 60 s −1 in Figure 7 (a). In this temperature range, we can use (75) with for the flameattached mode in (80) and in (90) although accuracy of this prediction is not so high, compared to the others. This is attributed to the fact that we cannot assume infinitely fast gas-phase reaction rates because the combustion situation is that just after the establishment of CO flame.
Data points are experimental; Tu et al. [59] made an experiment under a condition of = 60 s −1 , using a spherical specimen (brush carbon; = 25 mm) in airflow (0.5 m/s); Parker and Hottel [63] did an experiment under conditions of = 60s −1 ( ) and 180 s −1 (•), using a hemispherical specimen (brush carbon; = 25mm) in airflow (up to 1.5 m/s); Visser and Adomeit [34] did an experiment under conditions of = 170 s −1 , using a hemispherical specimen (artificial graphite; = 15 mm) in oxidizer flow (0.85 m/s) with O 2 mass-fraction O,∞ = 0.18. Experimental data of Visser and Adomeit [34] have been used because no other results in airflow can be found for the axisymmetric case. Nonetheless, it can even be justified if we take account of a possibility that the ambient air has been entrained by the oxidizer flow, thereby the oxygen concentration is enriched. The scatter of the combustion rate in the temperature range from 1500 K to 1800 K can be attributed to a fluctuation of water-vapor concentration in the oxidizing flow, which can exert influences on the appearance of CO flame. Figure 7(b) is the similar plot of the combustion rate in oxidizer flow with the O 2 mass fraction Y O,∞ = 0.7. The H 2 O mass fraction in oxidizer flow is set to be 0.0002, in accordance with the experimental condition [34] . The same trend as that observed in Figure 7 (a) can be shown, even in the oxygen-enriched condition. However, a further increase in the velocity gradient, under which no experiments have ever been reported in the axisymmetric stagnation flow, can change the trend. When the velocity gradient is 1000 s −1 , which is even higher than that ever used in the previous experiment [37] , the combustion rate first increases, then reaches a plateau, and again increases after an abrupt increase, as surface temperature increases. Since the ignition surface temperature is as high as 1912 K, at which the combustion rate without CO flame is smaller than that with CO flame, not a decrease but an increase is predicted to occur abruptly [38, 64] ; curves are calculated by use of the explicit combustion-rate expressions.
in the combustion rate, just after the appearance of the CO flame. It may be informative to note that this kind of an abrupt increase in the combustion rate has already been observed in the two-dimensional stagnation flow [28] .
Combustion in Humid Airflow
Here, carbon combustion in humid airflow has been examined, focusing on promoting and suppressing effects of the water vapor in the airflow. From the practical point of view, the carbon combustion in airflow at high H 2 O concentrations is related to evaluating protection properties of rocket nozzles, made of carbonaceous materials, from erosive attacks of water vapor, contained in the working fluid for propulsion, as well as the coal/char combustion in such environments with an appreciable amount of water vapor.
Combustion in Relatively Dry
Airflow. In order to have a clear image for the effect of water vapor on the combustion, let us first examine combustion behavior in relatively dry airflow or oxidizer flow. As shown in Figures 1(a) , 1(b), 5(a), 7(a), and 7(b), the combustion rate increases with increasing surface temperature, up to the ignition surface temperature, which is quite sensitive to the water-vapor concentration in the gas phase. At the ignition surface temperature, there appears an abrupt change in the combustion rate, because appearance of the CO-flame alters the dominant surface reaction from the C-O 2 reaction to the C-CO 2 reaction. A further increase in the surface temperature raises the combustion rate and it reaches the diffusion-limited value. It should, however, be noted that this is the case that the H 2 O mass-fraction A,∞ is strictly controlled. When its control is poor, the appearance of CO flame can necessarily cause a scatter in the combustion rate, as shown in Figure 8 , being measured in the axisymmetric stagnation airflow over a flat plate [38, 64] , due to the "unsteady" combustion that proceeds without CO flame at one time, while with CO flame at the other time. Predicted results by use of the explicit combustion-rate expressions are also shown in Figure 8 as a function of the surface temperature, with the H 2 O mass-fraction A,∞ taken as a parameter. In this prediction, use has been made of the surface kinetic parameters described in the previous works [15, 42, 65] : . This is due to the fact that the type of artificial graphite of their test specimens is exactly the same as that in the previous works. It should be informative to note that A,∞ = 0.001 in air corresponds to the dew point of 260 K (−13 ∘ C) and A,∞ = 0.004 to the dew point of 275 K (+2 ∘ C), both of which are usual humidity that we encounter. As far as the trend and approximate magnitude are concerned, fair agreement is demonstrated. In this context, the scatter of the combustion rate [64] , not included in the previous report [38] for A,∞ = 0.001, can be attributed to the poor control of water-vapor concentration in the airflow.
Combustion Rate in Humid Airflow.
A further increase in the H 2 O mass fraction can considerably change the combustion behavior [39] . The H 2 O mass-fraction A,∞ is now increased to be 0.14, the dew point of which is as high as 334 K (61 ∘ C). The airflow temperature is raised to ∞ = 370 K for preventing condensation of water vapor, accordingly. Figure 9 shows the combustion rate in humid airflow of = 100 s −1 , as a function of the surface temperature s . The O 2 mass fraction is reduced, because of the increased H 2 O concentration. It is seen that the combustion rate increases first gradually and then rapidly with increasing surface temperature. This trend is quite different from that in Figure 1(a) . Therefore, we can say that the high H 2 O mass fraction is unfavorable for the enhancement of combustion rate, especially in the medium temperature range, because establishment of the CO flame is facilitated and hence suppresses the combustion rate. To the contrary, at high surface temperatures, the high H 2 O mass fraction is favorable because the water vapor can participate in the surface reaction as an additional oxidizer.
In order to elucidate causes for this trend, theoretical results are obtained by use of the formulation [56] , to be described in the next section, with the surface C-H 2 O and global gas-phase H 2 -O 2 reactions taken into account, additionally. Not only results in the frozen and flame-detached modes but also that in the flame-attached mode are shown. It is seen that experimental results at temperatures lower than about 1550 K are in accordance with the theoretical result of the flame-attached mode, while those at temperatures higher than about 1600 K are in accordance with the result of the flame-detached mode. Since the ignition surface temperature predicted is as low as 1094 K, no abrupt change in the combustion rate can be observed eventually, even though the CO flame is established. From these comparisons, we can deduce that because of the high H 2 O mass fraction in the airflow, the CO flame established at 1094 K adheres to the carbon surface, so that the combustion in the flame-attached mode prevails until CO ejection becomes strong enough to separate the CO flame from the surface. The difference between the combustion rate experimentally obtained and that in the flame-attached mode can be attributed to the finite rate of gas-phase reaction, because the airflow is neither fast in the velocity nor high in the temperature. As the surface temperature is further increased, the CO flame detaches, so that the combustion proceeds in the flame-detached mode. The rapid increase in the combustion rate at high temperatures can be attributed to the participation of the C-H 2 O reaction.
Extended Formulation.
Theoretical study [56] has already been conducted for the system with three surface reactions and two global gas-phase reactions, by extending the previous formulation. Although some of the assumptions introduced in Section 2 are not appropriate for systems with hydrogen species, use has been made of those as they are, for tractability, in order to capture fundamental aspects of the carbon combustion under prescribed situations.
By extending (26) 
Again, use has been made of an assumption that all the surface reactions are the first order. The reduced surface Damköhler number s, , the surface Damköhler number s, , and the stoichiometrically weighted mass fraction, relevant to the oxidizing species (=O, P, A) are also defined in the same manner as those in Section 2.
Although ,s must be determined through numerical calculations when the gas-phase kinetics is finite, they can be determined analytically for some limiting cases, as mentioned. One of them is the frozen mode, in which we have [28] ̃, s =̃,
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Another is the flame-attached mode in which CO and H 2 produced at the surface reactions are immediately consumed, so that it looks that the CO flame adheres to the surface. In the same manner [ 
As the correction factor for the axisymmetric flow, we have (90) for the frozen and flame-attached modes and (91) for the flame-detached mode. As shown in Figure 9 , experimental comparisons have already been conducted and a fair degree of agreement is demonstrated in general, suggesting appropriateness of the present analysis, including the choice of thermophysical properties used.
Concluding Remarks
In the present study, combustion of solid carbon has been examined through experimental comparisons. In order to have a clear understanding, the carbon combustion considered here is only that in the forward stagnation flowfield, being established by inserting a spherical specimen into a uniform flow or by impinging a uniform flow on a flat plate, the situation of which is closely related to those of ablative carbon heat shield and/or strongly convective carbon burning. In the formulation, an aerothermochemical analysis has been conducted, based on the chemically reacting boundary layer, with considering the surface C-O 2 and C-CO 2 reactions and the gas-phase CO-O 2 reaction. By virtue of the generalized species-enthalpy coupling functions, derived successfully, it has been demonstrated that there exists close coupling between the surface and gas-phase reactions that exerts influences on the combustion rate. Combustion response in the limiting situations has further been identified by using the generalized coupling functions.
After confirming the experimental fact that the combustion rate momentarily changes upon ignition, because establishment of the CO flame in the gas phase can change the dominant surface reaction from the faster C-O 2 reaction to the slower C-CO 2 reaction, focus has been put on the ignition of CO flame over the burning carbon in the prescribed flowfield and theoretical studies have been conducted by using the generalized coupling functions. The asymptotic expansion method has been used to derive the explicit ignition criterion, from which, in accordance with experimental results, it has been shown that ignition is facilitated with increasing surface temperature and oxidizer concentration, while suppressed with increasing velocity gradient. Then, an attempt has been made to estimate kinetic parameters for the gas-phase reactions, prior to the appearance of the CO flame. For this aim, use has been made of the ignition criterion theoretically obtained, by evaluating it at the ignition surfacetemperature experimentally determined.
Experimental comparisons have further been conducted and a fair degree of agreement has been demonstrated. In addition, an attempt has been made to obtain explicit combustion-rate expressions, presented by the transfer number in terms of the natural logarithmic term, just like that for droplet combustion. For the three limiting cases, explicit expressions have further been obtained by making an assumption of small combustion rate. It has even been found that before the establishment of CO flame the combustion rate can fairly be represented by the expression in the frozen mode, and that after the establishment of CO flame the combustion rate can be represented by the expression in the flame-attached and/or flame-detached modes. Since the present expressions are explicit and have fair accuracy, they are anticipated to make various contributions not only for qualitative and quantitative studies in facilitating understanding, but also for practical utility, such as designs of furnaces, combustors, ablative carbon heat-shields, and high-temperature structures with C/C-composites in various aerospace applications, as well as propulsion with using high-energy-density fuels.
Finally, carbon combustion in humid airflow has been studied, which can even be a basic research for erosive attacks of water vapor to C/C-composite in rocket nozzles. It has been found that the high H 2 O mass fraction is unfavorable for the enhancement of combustion rate, especially in the medium temperature range, because establishment of the CO flame is facilitated and hence suppresses the combustion rate. To the contrary, at high surface temperatures, the high H 2 O massfraction is favorable because the water vapor can participate in the surface reaction as an additional oxidizer. Theoretical results, obtained by additionally introducing the surface C-H 2 O reaction and the global gas-phase H 2 -O 2 reaction into the previous formulation, have also suggested the usefulness of the explicit expressions for the combustion rate, which can even be used in experimental comparisons for the H 2 O mass fraction of 0.14.
Although essential feature of the carbon combustion has been captured to some extents, further progresses are strongly required for its firm understanding, because wide attention has been given to carbonaceous materials in various fields. Carbon dioxide or C-CO 2 surface reaction R:
Nomenclature
Representative value s: Surface ∞: Freestream or ambience.
Superscripts
: = 1 and 0 designate axisymmetric and two-dimensional flows, respectively : Reaction order ∼: Nondimensional or stoichiometrically weighted : Differentiation with respect to * : Without water-vapor effect.
